Abstract Everolimus in combination with exemestane significantly improved progression-free survival compared to exemestane alone in patients previously treated with non-steroidal aromatase inhibitors in the BOLERO-2 trial. As a result, this combination has been approved by the food and drug administration to treat postmenopausal women with hormone receptor positive and HER2 negative metastatic breast cancer. A cost-effectiveness analysis was conducted to determine whether everolimus represents good value for money, utilizing data from BOLERO-2. A decision-analytic model was used to estimate the incremental cost-effectiveness ratio between treatment arms of the BOLERO-2 trial. Costs were obtained from the Center for Medicare Services drug payment table and physician fee schedule. Benefits were expressed as quality-adjusted progression-free survival weeks (QAPFW) and qualityadjusted progression-free years (QAPFY), with utilities/ disutilities derived from the literature. Deterministic and probabilistic sensitivity analyses were performed. A willingness to pay threshold of 1-3 times the per capita gross domestic product was adopted, as per the definition of the World Health Organization. The U.S. per capita gross domestic product in 2013 was $49,965; thus, a threshold varying between $49,965 and $149,895 was considered. Everolimus/exemestane had an incremental benefit of 11.88 QAPFW (0.22 QAPFY) compared to exemestane and an incremental cost of $60,574. This translated into an ICER of $265,498.5/QAPFY. Univariate sensitivity analyses showed important variations of the ICER, ranging between $189,836.4 and $530,947/QAPFY. A tornado analysis suggested that the key drivers of our model, by order of importance, included health utility value for stable disease, everolimus acquisition costs, and transition probabilities from the stable to the progression states. The Monte-Carlo simulation showed results that were similar to the base-case analysis. This cost-effectiveness analysis showed that everolimus plus exemestane is not costeffective compared to exemestane alone. Further research is needed to investigate the cost-effectiveness of the drug combination within sub-groups of the population studied in BOLERO-2.
Introduction
Excluding cancers of the skin, breast cancer is the most frequently diagnosed cancer in women [1] . In the United States (U.S.), an estimated 232,340 new cases of invasive breast cancer were diagnosed among women in 2013 [1] . Breast cancer ranks second as a cause of cancer death in women (after lung cancer), with 39,620 women expected to die from breast cancer in 2013 [1] .
Endocrine therapy remains the gold standard for the treatment of hormone receptor (HR) positive metastatic breast cancer (mBC). Due to increased efficacy and a favorable toxicity profile, endocrine therapy with either aromatase inhibitors (AI) or fulvestrant remains the preferred first-line treatment for postmenopausal women with either HR positive or HER2 negative mBC. Unfortunately, endocrine therapy resistance invariably develops in most patients and therefore still remains a major clinical problem in the management of HR positive metastatic breast cancer. Acquired endocrine resistance occurs as the result of complex adaptive changes in breast cancer cells that come from the long-term exposure to endocrine treatment. A better understanding of the biologic drivers of endocrine resistance in breast cancer has led to the development of novel targeted therapies that can be combined with AI to improve their overall effectiveness [2] .
Preclinical studies have shown that the phosphatidylinositol 3-kinase (PI3K)-Akt-mammalian target of the rapamycin (mTOR) signaling pathway is important to endocrine resistance [3, 4] . In preclinical models, combining everolimus (Afinitor Ò ), an mTOR inhibitor, with an AI produced synergistic anti-tumor activity [5] . Subsequently, data from a phase 2 randomized trial [6] and from the more recent phase 3 BOLERO-2 trial [7] demonstrated that everolimus in combination with an AI significantly prolonged progression-free survival (PFS) compared with AI therapy alone in women with hormone receptor positive MBC. Following the interim results of the BOLERO-2 RCT in 2012 [7] , everolimus was approved for use in combination with exemestane (an AI) by the European Medicines Agency (EMA) and the U.S. Food and Drug Administration (FDA). The combination is indicated for postmenopausal women with hormone receptor positive, HER2 negative mBC with recurrence, or progression of their cancer after treatment with letrozole or anastrozole [7] . Mature overall survival data from the BOLERO-2 trial have not yet been published; however, recent data reported in abstract form suggest that there was no significant difference in OS between the groups. The EMA and FDA commonly approve drugs for the treatment of breast cancer based on PFS alone. Therefore, it is important for costeffective analyses to reflect this clinical reality. The combination of everolimus plus exemestane is now part of routine clinical practice, and a robust cost-effective analysis is needed in order to help payers make informed reimbursement decisions regarding this FDA-approved combination. The objective of this study was to determine the cost-effectiveness of everolimus plus exemestane compared to exemestane alone in postmenopausal women with HR positive mBC, utilizing the published data from the BOLERO-2 trial.
Materials and methods

Model overview
A Markov model was developed to simulate the incremental cost-effectiveness ratio (ICER) of everolimus in combination with exemestane compared to exemestane alone. The population modeled was a hypothetical cohort of patients with HR positive advanced breast cancer who showed the same characteristics as those enrolled in the BOLERO-2 trial [7] . Analyses were performed using the decision-analytic software, TreeAge Pro 2013 (TreeAge Software Inc., Williamstown, MA, USA).
Three health states were considered in the Markov model: stable (progression-free) without adverse events, stable with adverse events, and progression. The health states were mutually exclusive, i.e., a patient could only experience a single health state at any given time. The model reflected a time horizon equivalent to that of the final progression-free analysis of the BOLERO-2 trial [8] , i.e., 120 weeks. The cycle length was set at 6 weeks in order to match the patient assessment time interval used in the trial. Figure 1 depicts how HR positive mBC patients travelled through the model. Patients entered the model at the point at which they would be considered eligible for endocrine therapy and received oral everolimus (10 mg daily), in conjunction with exemestane (25 mg daily) or exemestane alone (25 mg daily). At that point, all patients were in the stable with no adverse events state and would transition to the other health states based on transition probabilities. Patients who experience disease progression would exit the model. Hypothetical patients accrued costs and utilities through each cycle. Our model assumed that the occurrence of adverse events (AEs) would not affect the probability of progressing but would affect patient quality of life (utility decrements) and healthcare costs (increase).
The analysis adopted a US healthcare government-run payer perspective (Medicare). Based on this perspective, the model included only direct medical costs. We used the definition for willingness to pay (WTP) threshold of 1-3 times the per capita gross domestic product (GDP) suggested by the World Health Organization (WHO). The U.S. per capita GDP in 2012/2013 was $49,965; thus, a WTP threshold varying between $49,965 and $149,895 U.S. dollars was considered.
Model input parameters
Transition probabilities between health states
Using the final PFS Kaplan-Meier curves of the BOLERO-2 trial, survival modeling techniques were applied to determine transition probabilities from stable (with or without adverse events) to progression-free states [9] . This application consisted in (i) reconstructing individual patient data (IPD) based on published final PFS KaplanMeier curves of the BOLERO-2 trial, (ii) fitting parametric distributions to reconstructed data, and (iii) estimating transition probabilities for Markov modeling. The loglogistic distribution most accurately represented the data. The formula for transition probabilities for treatment arm 0 (exemestane alone) and 1 (everolimus plus exemestane) was represented by Eqs. 1 and 2, respectively [9] .
where t p represents the transition probability, t u the cycle for which the transition probability is estimated, t-u representing previous stage (previous cycle), and t representing the current stage (current cycle). The value 0.068025 is the scale of the distribution for treatment arm 0 (k 0 ). The value 0.5583247 is the shape of the distribution for treatment arm 0 (c 0 ). The value 0.030142 is the scale of the distribution for treatment arm 1 (k 1 ). The value 0.6187177 is the shape of the distribution for treatment arm 0 (c 1 ) [9] . More details can be obtained from the published tutorial [9] . Transition probabilities from stable without adverse events to stable with adverse events states were obtained directly from the BOLERO-2 trial [7] . The authors of the trial reported a 120-week probability of developing AEs of 0.11 for treatment arm 1 and of 0.01 for treatment arm 0. By assuming that probabilities remained constant over time, they could be converted back into 6-week probabilities to match the cycle length of our Markov model.
Medical resource use and costs
Direct medical costs considered in this study were physician visits, acquisition costs of drugs, laboratory tests, computed tomography (CT) scans, and treatment for the most common grade 3 or 4 adverse events ( Table 1) . The majority of cost data were obtained from the Center for Medicare Services Drug Payment Table and Physician Fee Schedule and was represented in 2013 US dollars. Costs and resource use associated with AEs were based on published literature [10] . The cost of the management of AEs was estimated based on the distribution of the most common grade 3-4 AEs reported in the BOLERO-2 trial (weighted average of common grade 3-4 AEs-see Table 2 ) and the published literature. This cost was only applied to the first cycle of entering stable disease with AEs. For the subsequent cycles, the costs of stable disease with AEs were considered identical to those of ''stable disease without AEs''.
Health utilities
Health utilities and disutilities (associated with common grade 3-4 AEs) were obtained from the published literature (see Table 2 ). Like the costs of the management of AEs, the disutility associated with AEs was only applied to the first cycle of entering stable disease with AEs. For the remaining cycles, the utility of stable disease with AEs was considered identical to that of stable disease without AEs. Discounting and half-cycle correction
All costs incurred and utilities estimated during our analysis were discounted at a 3.5 % annual rate [11, 12] . This annual discount rate was converted into a 6-week discount using the formula below:
where r* is the 6-week discount rate, r is the annual discount rate, and w is the total number of weeks composing a year (52). The ''if function'' in TreeAge was used to apply the 6-week discount rate to the cycles composing the temporal framework of our model. A variable ''discount'' was created to implement the ''if function'', and is expressed as follows:
2 ÞÞ with _stage representing the cycle number.
Estimating and expressing the cost-effectiveness results
The ICER was estimated using the Eq. 3. The ICER was initially expressed in U.S. dollars per quality-adjusted progression-free weeks (QAPFW) and then translated into U.S. dollars per quality-adjusted progression-free years (QAPFYs). This translation consisted in multiplying the initial ICER by 52 (total number of weeks in a year).
where Cost (everolimus plus exemestane) and Cost (exemestane) were the costs associated with everolimus plus exemestane and exemestane, respectively, and QAPFW (everolimus plus exemestane) and QAPFW (exemestane) represented the quality-adjusted progression-free weeks gained in both groups.
Sensitivity analyses
Deterministic sensitivity analyses on costs, utilities, and transition probabilities were performed to identify key parameters driving the model (tornado analysis). These analyses consisted in varying each key parameter within the lower and upper bound of its confidence interval. When the confidence interval was not available for the parameter, it was varied within a ±25 or ±50 % range [respectively for solid estimates (e.g., Medicare cost estimates) and estimates based on different studies] in relation to its base- case scenario value (Table 3) . Additionally, the impact of the joint uncertainty around the key parameters of the model on the ICER was assessed through a probabilistic sensitivity analysis (PSA) using a second-order MonteCarlo simulation (Table 3) . PSA was conducted through the assignment of beta distributions for transition probabilities from the stable state without AEs to the stable state with AEs and gamma distributions for utilities. Disutilities were assigned uniform distributions, while costs were assigned normal distributions, except those related the management of AEs (gamma distribution). The parameters (k and c) of the timedependent transition probabilities (from the stable state with or without AEs to progression) were assigned normal distributions. If standard deviation (SD) values of the input parameters for the model were not available, we used the range rule of thumb to obtain rough estimates of SDs. This was achieved by dividing the range of possible values of the parameters by four, assuming that 95 % of sample values lie within two standard deviations of the mean for the majority of datasets. The Monte-Carlo simulation was run for 10,000 iterations to obtain the mean incremental cost per QAPFW and the incremental cost per QAPFY with their respective 95 % confidence intervals. Costeffectiveness acceptability curves (CEAC) were created from these analyses.
Results
Base-case analysis results
The results of the base-case analysis showed that the total cost of everolimus/exemestane ($63,584) was 21 times higher than the cost of exemestane alone ($3,010). In terms of effectiveness, the addition of everolimus to exemestane generated 2.3 times more QAPFW (21.24 weeks) than exemestane alone (9.36 weeks). Taken together, the ICER of the comparison of everolimus plus exemestane compared to exemestane was estimated at $5,105.74/QAPFW. This incremental ratio was translated into $265,498.5/ QAPFY. Based on the WTP threshold of $149,895/QA-PFY, the combination of everolimus plus exemestane appeared to be not cost-effective.
Sensitivity analyses
Univariate sensitivity analyses showed important variations of the ICER, ranging between $189,836.4 and $530,947/ QAPFY. The tornado analysis suggested that the key drivers of our model, by order of importance, were (i) health utility values for stable disease; (ii) acquisition costs of everolimus; and (iii) and transition probabilities from stable to progression states, respectively for treatment arms 0 and 1 (see Fig. 2 ). That being said, the direction and interpretation of the base-case results remained materially unchanged. In other words, considering a willingness to pay of $149,895, the addition of everolimus to exemestane was not found to be cost-effective, even after univariate sensitivity analyses (Tables 4, 5 ).
The Monte-Carlo simulation showed results that were very similar to the base-case analysis. The mean costs for exemestane alone vs. everolimus/exemestane were $3,069 and $64,838, respectively. The mean QAPFW was 9.55 and 21.65 weeks for exemestane and everolimus/exemestane, respectively. The mean incremental cost per QAPFW gained (2.5th percentile; 97.5th percentile) and mean incremental cost per QAPFY gained (2.5th percentile; 97.5th percentile) for the combination of everolimus plus exemestane compared to exemestane alone were $5,105 ($4,546; $6,254) and $265,460 ($236,392; $325,208), respectively. The results of the probabilistic sensitivity analyses using Monte-Carlo second-order simulations also suggested that if a QAPFY was worth $149,895, then the combination of everolimus and exemestane would have 0 % chance of being cost-effective. These results are illustrated in Fig. 3 . AEs adverse events, k 0 and c 0 scale and shape of the distribution for treatment arm 0, k 1 and c 1 scale and shape of the distribution for treatment arm 1
Discussion
We performed a cost-effectiveness study evaluating everolimus plus exemestane in the setting of hormone receptor positive mBC, utilizing available efficacy data from the BOLERO-2 trial. We built our model utilizing the primary endpoint of the trial, i.e., local PFS assessment, which was what both the FDA and EMA approval were based on. According to the results of our base-case analysis, everolimus/exemestane was not cost-effective compared to exemestane alone, provided that the ICER ($265,498.50) was above the WHO defined WTP threshold. Even when utilizing alternate definitions of WTP thresholds, ranging between $100,000 and $200,000, this combination was still not found to be cost-effective. Our results did not change significantly after conducting univariate sensitivity analyses and Monte-Carlo simulation. Overall, the combination of everolimus plus exemestane was found not to be costeffective from a Medicare payer perspective. Recently, the United Kingdom (UK) National Institute for Health and Care Excellence (NICE) conducted an appraisal of everolimus in combination with exemestane based on the evidence provided by the manufacturer (Novartis, UK) [13] . NICE did not recommend the combination for the treatment of women with hormone receptor positive MBC who had progressed or recurred after prior therapy with a non-steroidal aromatase inhibitor. It is worth mentioning three notable differences between our economic model and the one presented by the manufacturer to NICE. First, the model submitted by the manufacturer utilized PFS data by central assessment, while we utilized locally assessed PFS data. Efficacy of anti-cancer drugs is determined locally in routine clinical setting, thus, it is important for economic assessments to reflect this fact by utilizing locally assessed PFS data. Additionally, using PFS data based on central assessment introduces a greater potential for bias in the economic assessment [14] . Second, our model took improvements in PFS at face value and did not make assumptions regarding the relationship between PFS and OS. The model presented to NICE made the assumption that the central PFS benefit associated with everolimus in BOLERO-2 would translate into an incremental OS benefit of 10.5 months. This estimate was obtained using the product of the hazard ratios for OS, reported in 6 randomized trials comparing endocrine therapy vs. chemotherapy, and the hazard ratio for OS when tamoxifen alone was compared with everolimus plus tamoxifen [14] . Clearly this assumption has recently proven to be rather inaccurate, since final OS results from BOLERO-2 reported a non-significant median OS difference between both arms of only 4.4 months (31 vs. 26.6 months; hazard ratio = 0.89 [95 % CI 0.73-1.10]; p = 0.1426) [15] .
The availability of other effective therapeutic options in MBC patients on phase 3 trials could clearly impact and confound any differences in OS between control and experimental arms. For this reason, PFS has been increasingly utilized as a primary study endpoint. Many drugs like everolimus are FDA approved based only on the endpoint PFS, even in the absence of any significant difference in OS. Therefore, PFS should be utilized as an endpoint in economic analyses of systemic therapies in patients with MBC. This approach has the advantage to avoid the need to introduce dubious assumptions on how differences in PFS could potentially affect OS, especially, when a trial like BOLERO-2 fails to demonstrate any significant OS differences. Third, transition probabilities between health states, used to populate our model, were obtained from a survival modeling of the reconstructed IPD of the BOLERO-2 trial [9] . The authors of this study used both graphical and analytical tools to fit appropriate distributions to the IPD from the trial, contrary to the manufacturer of everolimus. Thirdly, our economic model explicitly accounts for grade 3-4 adverse events associated with the treatment arms of the BOLERO-2 trial, contrary to the model proposed by Novartis. The results obtained from our model are therefore more comprehensive and accurate than those from Novartis.
Our economic assessment is subject to some limitations. First, our analysis was based on initial results from BOLERO-2, prior to the recently presented OS results. Thus, it is possible that any significant difference in OS favoring everolimus would have affected assumptions in our economic model. Another limitation of our model is that it did not explicitly account for dose adjustments (interruptions or reductions) which occurred in treatment arms of the BOLERO-2 trial (63 and 14 %, respectively, for the combination and the monotherapy). That being said, dose adjustments were considered in deterministic and probabilistic sensitivity analyses, through the variation of both transition probabilities and acquisition costs (ultimately costs of treatment per cycle) of the treatment arms of the trial. Both analyses did not materially change the base-case results. In the same vein, we made several assumptions in order to populate our economic model, which ultimately did not change the results of our basecase analysis. Fourth, our economic assessment was conducted from the perspective of the public payer, while several guidelines regarding the conduct of cost-effectiveness analysis recommend the use of the societal perspective for comprehensiveness purpose. It is our belief that the use of the societal perspective in this study would have not changed the results of our analysis.
The primary implication of our findings, from a public policy perspective, is that everolimus should not be a preferred drug in the treatment of patients with hormone receptor positive MBC. From a Medicare payer perspective, everolimus should be limited to patients most likely to benefit from the combination of everolimus plus exemestane. Since clinical data suggests a greater likelihood of clinical benefit when the mutation and/or gene signature is ICERs incremental cost-effectiveness ratios, AEs adverse events, $ dollars, QAPFY quality-adjusted life years Fig. 3 Cost-effectiveness acceptability curves. WTP willingness to pay, Arm 0 exemestane, Arm 1 everolimus ? exemestane present, limiting treatment of everolimus to the subset of mBC patients with phosphatidylinositol 3 0 kinase (PIK3CA) could be cost-effective strategy [6, 16] . A more recent study demonstrated favorable response rates in patients who were prescribed everolimus or another mTOR inhibitor based on the presence of mutations in either PIK3CA or downstream AKT [17] . Currently, it is unknown how genomic profiling will impact the costeffectiveness of everolimus in the setting of hormone receptor positive breast cancer. Further economic evaluations are needed to assess the value of everolimus in the treatment of mBC.
In conclusion, our study, based on the interim results of the BOLERO-2 trial, suggests that the combination of everolimus/exemestane is not cost-effective compared to exemestane alone. Our economic assessment is based on a single trial with limited data, thus, further economic evaluations are recommended to assess the cost-effectiveness of everolimus plus exemestane compared to exemestane alone in sub-groups of postmenopausal women with HR positive mBC.
